Titanium Nitride (TiN) is a wear resistant and complementary metal oxide silicon (CMOS) compatible material that is increasingly being investigated for MEMS applications. Incorporating any new material into a MEMS device requires the development of a processing strategy. This paper discusses a wet-etching strategy for patterning and releasing TiN features on Cr sacrificial layers. Filtered arc TiN films were deposited onto Cr coated Si (100) substrate. A Cr contact mask was sputtered over the TiN and patterned using UV photolithography. Patterned TiN features were examined using scanning electron microscopy (SEM). Rutherford Backscattering Spectroscopy (RBS) was carried out to investigate the selective etching of TiN and Cr in their respective etchants, which consisted of SC-1 for etching the TiN and a commercial chromic acid solution for etching the Cr. The results showed that Cr was not etched by SC-1 and that TiN was not etched by the Cr etchant.
INTRODUCTION
TiN is an important industrial material. It is widely used as a wear resistant coating on tooling as it possesses favourable tribological properties such as high hardness and a low friction coefficient. TiN is also a CMOS compatible material and has been used as a diffusion barrier in microelectronic applications 1 . Being CMOS compatible and possessing favourable mechanical properties make TiN a potential candidate for surface micromachined MEMS in applications such as sensors and actuators. Indeed, some work has been carried out in the area of surface micromachined Ti/TiN microheaters 2 .
During the fabrication of any MEMS device, material compatibility and mechanical integrity must exist between structural and sacrificial layers. This includes the requirement that etch selectivity exists between contacting layers. The patterning of structural layers must have minimal interference on sacrificial layers so as to enable the uninhibited removal of the sacrificial material in the release step. Furthermore, etching of sacrificial layers must have minimal interference on structural layers so that the integrity of the released structure is not compromised 3 . Among the different etching methods used to achieve layer selectivity, wet-etching and reactive ion etching are the most frequently employed techniques, with both of these methods having been used to etch TiN films [2] [3] [4] [5] .
The full benefit of MEMS devices will only be achieved through the integration of MEMS and Integrated Circuit (IC) processing to realise the sensor, actuator and relevant signal processing circuitry on a single chip. This can be achieved using a post-processing approach and would only be feasible provided TiN films could be implemented within the temperature limitation imposed by the IC processing technology. Exposing an IC to temperatures over 500ºC is undesirable as thermal diffusion can occur causing irreversible damage to the designed circuitry. Hence, in this work 
EXPERIMENTAL
Silicon (100) was coated with a Cr sacrificial layer to a thickness of 1 µm using DC magnetron sputtering. TiN films were arc deposited onto the Cr sacrificial layers using a dual source filtered arc deposition system in the partially filtered and fully filtered modes 7 . Wet-etching of the TiN was carried out using Standard Clean 1 (SC-1) solution at room temperature. SC-1 was originally developed as a silicon wafer cleaning solution and consists of D.I. water with 30wt% H 2 O 2 and 30wt% NH 4 OH. Although ratios of 5:1:1 to 100:1:1 are commonly employed, a ratio of 5:1:1 was used in this study. The SC-1 was not stirred during etching. The photoresist AZ1512 was initially used to mask the TiN film, however it proved insufficiently resistant to SC-1. As an alternative, a sputtered Cr contact mask 223 nm thick was deposited over the TiN to act as an etch mask. The Cr contact mask was patterned using a UV mask aligner and commercial Cr etchant. The Cr etchant was also used to etch the sacrificial layer. The schematic shown in figure 1 details the processing sequence used in this study. Patterned TiN features were examined using a Philips XL-30 scanning electron microscope (SEM) equipped with energy dispersive spectrometry (EDS) capability. RBS analysis was carried out on as deposited and etched samples in order to determine the etch rate of the TiN and etch selectivity of the TiN and Cr. The RBS analysis was carried out using a 2.0 MeV He ++ ion beam (collimated to 1 mm diameter) accelerated by a Van de Graff accelerator. The detector was fixed at 169º to the beam direction. Spectra were accumulated for a total of 20 µC measured with a sensitive Faraday cup arrangement. The detector was connected to a multichannel analyser, which counted the beam scattered yield from the sample. Simulation of the obtained RBS spectra was carried out using RUMP In order to determine the selective removal of the Cr and TiN layers through to the silicon substrate, EDS analysis was carried out in the region of the etched Cr sacrificial layer, with the obtained spectrum shown in figure 3 . The spectrum shows a small Cr peak and a large Si peak. The absence of any peaks relating to Ti signifies that the TiN layer has been completely removed. The small Cr peak signifies that the sacrificial layer was not completely etched from the Si substrate. 
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Characterisation of selective etching
In surface micromachining, knowing the etch rate of a material enables greater control over the fabrication process. This can ensure that over etching does not occur and that undercutting of masking layers is avoided. To determine the etch rate of arc deposited TiN in SC-1, RBS analysis was carried out on partially filtered TiN films on Cr in the as deposited state and after etching in SC-1 for 40, 67 and 100 minutes. For comparison purposes the obtained RBS spectra are shown together in figure 4 . RUMP simulation of the as deposited spectrum revealed TiN and Cr film thicknesses of 365 and 515 nm respectively. After etching for 40 minutes, the TiN film thinned to 125 nm, which equates to an etch rate of 6 nm/min. The spectrum obtained after etching for 67 minutes shows that the leading edge of the spectrum has shifted from channel 368 to 378, signifying the complete removal of the TiN layer to expose the Cr sacrificial layer. The spectrum obtained after etching for 100 minutes is identical to that obtained after etching for 67 minutes. This means the SC-1 did not etch the Cr, even after exposure for 33 minutes. This result was considered desirable and further investigations were carried out on Cr exposed to SC-1 for longer periods of time. Due to being chemically resistant to SC-1, Cr was selected for use as a contact mask in place of the photoresist AZ1512, which proved insufficiently resistant to SC-1. This meant that Cr served as both the sacrificial layer and contact mask for patterning the TiN and provided the added convenience of being able to be completely remove the contact mask (post TiN etching) in the sacrificial layer etch step. However, this strategy hinged on the provision of two essential requirements. One, that the Cr etchant would completely remove the Cr from the TiN and two, that the TiN would not be etched by the Cr etchant. In order to determine the outcome of these requirements a Cr film was sputtered over a TiN-Cr-Si sample and exposed to the Cr etchant. Figure 6 shows RBS spectra of a Cr-TiN-Cr-Si sample in the as deposited state and after etching in the Cr etchant for 15 and 30 minutes. The spectrum of the as deposited sample is typical of a Cr-TiN-Cr-Si system. The leading edge of the spectrum corresponds to channel 378 and shows that Cr was detected on the surface. Simulation of the spectrum using RUMP revealed the surface Cr layer (contact mask layer) to be 223 nm thick. The spectrum obtained after etching for 15 minutes shows that the Cr contact mask layer has been completely removed and that TiN has been detected on the surface. This is shown through the absence of any signal corresponding to a Cr contact mask layer, together with a shift to the left to channel 368 of the leading edge of the spectrum. A notable feature of the two spectra obtained from the etched samples is that they are virtually identical. This means the thickness of the TiN remained the same and signifies that TiN was not etched by the Cr etchant for 15 minutes. This is more like 28 minutes as later experiments revealed the Cr etch rate to be around 200 nm/min. 
Sacrificial Cr etch to release TiN structures
The release of wet-etched patterned TiN structures consisting of 10 µm wide bridges and cantilevers of varying lengths was carried out by etching the Cr sacrificial layer. However, all TiN structures broke apart and became detached from their supports. Since it has already been shown using RBS that TiN is not attacked by the Cr etchant, it must be assumed that the TiN structures broke as a result of mechanical factors. Whether this is due to the pitting in the TiN film caused by the SC-1 etching step or internal stress in the TiN film is not known at this stage.
As an alternative to wet-etched TiN structures, excimer laser micromachined TiN structures on Cr sacrificial layers were etched to remove the sacrificial layer 7, 9 . Figure 7 shows an SEM micrograph of a laser micromachined TiN bridge 76 µm long and 10 µm wide. In this case, the Cr sacrificial layer was only partially removed as complete under etching caused the TiN structures to break apart. A noticeable feature of the bridge is the presence of an uneven and pale discoloration along the length of the bridge. Indeed, this is the remaining Cr sacrificial layer that was not etched out. In order to make the Cr layer visible through the TiN film, the acceleration voltage of the SEM was increased to 30 kV, at which the electron/material interaction depth is around 5 µm. EDS analysis was carried out in the region highlighted by the white dot. The spectrum in figure 8 shows Si and Ti peaks only. The absence of any peaks relating to Cr signifies that the Cr sacrificial layer has been etched out from under the TiN layer. This confirms that the underetching of TiN to produce a semi-freestanding structure was achieved. 
CONCLUSIONS
A wet-etching strategy for patterning and releasing TiN features on Cr sacrificial layers has been shown. Filtered arc deposited TiN films were wet-etch patterned using SC-1 solution. Sputtered Cr films were used as both the sacrificial layer and contact mask layer and were etched in a commercial chromic acid solution. RBS analysis was used to show that etch selectivity exists between TiN and Cr when exposed to their respective etchants. This confirmed the suitability of Cr in a micromachining strategy for wet-etch patterning and releasing TiN films. Wet-etched TiN structures were released by etching the Cr sacrificial layer, however, all released structures broke apart. As an alternative, excimer laser micromachined TiN structures on a Cr sacrificial layers were sacrificially etched to realise a semi-freestanding TiN bridge. 
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